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Monthly and Annual Water Budgets of 
Lake Wingra, Madison, Wisconsin, 1972-77

R. P. NOVITZKI AND B. K. HOLMSTROM

ABSTRACT

This report presents estimated annual and monthly water budgets for 
Lake Wingra and the adjacent wetland area for January 1972 through September 
197T- Annually, inputs from precipitation, surface runoff, and ground- 
water inflow are approximately equal (31, 3^, and 35 percent, respectively). 
Outputs include outflow from the lake into Murphy Creek (70 percent), 
evapotranspiration from the lake and wetland (26 percent), and ground-water 
outflow (h percent).

The inputs and outputs vary seasonally. In months when snowmelt 
occurs, surface runoff is a major input (56 percent in March; ^6 percent in 
April). In fall and winter ground-water inflow is a major input (57 percent 
in November). Precipitation comprises ^1 percent of the input in August 
but only 18 percent in January. Lake outflow is the major output except 
from July through September. Combined evaporation and evapotranspiration 
is a major output in summer (^5 to 58 percent) but minor in winter (less 
than 13 percent). Ground-water outflow is a small part of the budget each 
month, ranging from 2 percent in March and April to a maximum of 7 percent 
in September.

The water budget is based on field data collected from January 1972 
through June 1973, and on fragmentary data and estimates for July 1973 
through September 1977- The budget terms differ from those published by 
Oakes, Hendrickson, and Zuehls (1975, table 10) because springflow has been 
included in total ground-water inflow and estimated on a monthly basis in 
this report. Previously only annual estimates were provided.



INTRODUCTION

This report provides estimated water budgets for Lake Wingra. The 
water budget is the framework upon which chemical and biological models of 
the Lake Wingra ecosystem can be based. It is particularly important in 
determining nutrient input budgets for the system. This report presents 
monthly and annual water budgets for Lake Wingra and the wetland areas 
along the west and south sides of the lake (fig. l). The budgets are for 
January 1972 through September 1977. Inputs include precipitation, surface 
runoff, and ground-water inflow. Outputs include streamflow, evapotrans­ 
piration, and ground-water outflow. The budgets are presented in terms of 
cubic meters of water (m3).

The water budgets are based on field data collected from January 1972 
through September 1977 at three precipitation gages, two storm-sewer gaging 
stations, a lake-level gage on Lake Wingra, and a stream-gaging station at 
the lake outlet. Additional data were collected at 5 precipitation gages, 
3 storm-sewer gaging stations, 3 springflow gaging stations, 1^- wells, and 
evaporation pans at Lake Wingra and the Nevin State Fish Hatchery for 
various periods during the project. The data sites (shown in figure l) are 
described by Oakes, Hendrickson, and Zuehls (1975) and by Novitzki (1978). 
These data were used to estimate the monthly input and output components of 
the budgets.

The data used for the budgets are subject to different levels of 
measurement error, and this must be considered when using the estimated 
water budgets. Errors in precipitation, streamflow, lake outflow, and 
lake-level measurements should be less than 10 percent. Errors in estimates 
of lake evaporation and wetland evapotranspiration may be as great as 
20 percent. However, errors in estimates of runoff from ungaged areas and 
ground-water flow may be 20 to 100 percent or even more.

WATER BUDGETS

Inputs include precipitation, surface runoff, and ground-water inflow. 
Annually, these average about 31, 3^, and 35 percent, respectively (table 9). 
Surface runoff is the major input in the months when snowmelt occurs (56 
percent in March, h6 percent in April). Ground-water inflow is the major 
input (57 percent) in November when surface runoff is minimal (lU percent). 
The monthly inputs are shown in table 8.

Outputs include lake outflow, evaporation from the lake, evapotrans­ 
piration from the wetland, and ground-water outflow. Annually, the major 
output is lake outflow (70 percent), compared to evaporation from the lake 
(l6 percent), evapotranspiration from the wetland (10 percent), and ground- 
water outflow (h percent). Combined evapotranspirative losses from the 
lake and wetland areas are a large part of the output in summer (U5 to 
58 percent) but only a small part (less than 13 percent) in the winter. 
Ground-water outflow is a small part of the output in each month, ranging 
from a minimum of 2 percent in March and April to a maximum of 5 to 7 percent 
in late summer. The monthly outputs are shown in table 8.



The water "budget for the lake can "be written as:

V = P + SR + GWI - SO - E - ET - GWO (l)

where: V = change in lake volume, 
P = precipitation on lake, 

SR = surface runoff into lake, 
GWI = ground-water inflow, 
SO = streamflow out of lake,
E = evaporation from lake surface, 

ET = evapotranspiration from wetlands, and 
GWO = ground-water outflow.

The volume of the lake at any time, "t", then can "be written:

V = V. _ + P. + SR. + GWT - SO. - E. - ET, - GWO. (2) 
t t 1 t t t t t t u

where the terms are the same as before and the subscript "t-1" for lake 
volume means the volume at the end of the preceding time step, and the 
subscript "t" with the remaining terms means, for example, that P-t is the 
precipitation P falling within the time interval from "t-1" to "t". The 
term V-t-i is the lake volume at the beginning of the computation period;

V = 3,^05 m3 at the end of December 1971.

A modification in the water budget (2) was necessary to account for 
discrepancies in calculated and observed lake volumes. Precipitation from 
October through March does not produce a proportional change in lake volume. 
(See discussion in Precipitation section.) During this period it appears 
that precipitation (P-^) is stored in the sand and gravel surrounding the 
lake and wetland, and that part of this stored ground water is released 
each subsequent month as long as a positive ground-water storage balance 
(GWS-fc) remains. Then the water budget for the period April through Septembe 
is:

V = V + P + 0.15GWS, + SR, + GWI, - SO, - E - ET, - GWO, (3)
TI t _L t t 1 t t t t t t

where: GWS, = GWS - 0.15GWS, (3A)
L ~G  J_ ~C~_L

and the water budget for the period October through March is:

V. = V + 0.15GWS, + SR + GWI, - SO, - E, - ET, - GWO, ' (U)
Tj b _L t _L t t t t t t

where: GWS = GWS + P - 0.15GWS
t t J_ t t -L

The term GWSt_i is assumed to be zero at the beginning of the computation 
shown in table 8.
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Following is a discussion of how each of the budget terms was estimated. 
The estimated monthly water "budgets for Lake Wingra and the adjacent wetland 
area from January 1972 through September 1977 are presented in table 8 at 
the end of the report. The 6-year average monthly and annual water-budget 
terms are summarized in table 9-

Inputs

PRECIPITATION

Precipitation was measured at three locations from January 1972 
through September 1977, and at five additional locations for various 
periods during this time (fig. l). The monthly values, shown in table 1, 
are basin averages weighted by appropriate factors depending upon which 
stations had records. The precipitation falling on the 2.17 km2 lake and 
wetland surface (P-^ in equation 3) is converted to volumes in table 8.

Precipitation from October through March does not produce a direct 
proportional change in lake level. During this period, part of the precip­ 
itation probably is stored temporarily at the surface as ice and snow and 
part of it moves into the wetland soils to replenish soil moisture after 
the growing season. Also, part of the lake water probably moves into the 
sand and gravel adjacent to the lake and wetland, analagous to bank storage 
in river systems (Rorabaugh, 1963) as lake levels rise. This ground-water 
storage appears reasonable when compared to ground-water levels in well 
Dn-1005 (fig. l) within the Lake Wingra basin and in well Dn-UUl, which is 
3 mi northeast of the Lake Wingra basin but represented trends in the local 
shallow ground-water system through the study period. Ground-water levels 
rose in 1973, remained high for 2 years, and have been declining since 
1975. The cumulative ground-water storage (GWS) calculated from equation h 
for the period of the study has a similar trend (fig. 2). Precipitation 
for October through March is removed from the water budget, added into 
ground-water storage, and then returned to the water budget each succeeding 
month at the rate of 15 percent of the total amount in ground-water storage 
(table 8). Fifteen percent was estimated on the basis of the best balance 
between calculated and observed lake volumes.

SURFACE RUNOFF

Surface runoff was measured from 1972 through 1973 at six locations 
(fig. 1 and Oakes and others, 1975, table 3), representing 10.85 km2 of 
the 13.50 km2 of upland, Two stations were operated from January 1972 
through September 1977- Four additional stations were operated from 
January 1972 through October 1973. Surface runoff at discontinued sites 
for November 1973 through September 1977 was estimated by correlation with 
the records at the sites operated throughout the period. The monthly 
surface runoff and relations used to extend records are shown in table 2.

Surface runoff from the 2.65 km ungaged part of the watershed (table 3) 
was estimated from a relation between runoff and drainage area defined at 
five of the gaged sites. The Marshland Creek data were not used because 
that basin is least similar to the ungaged area. Measured discharge was
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Figure 2. Ground-water storage in the Lake Wingra water budget 
compared to ground-water levels.

related to drainage area for each month from October 1972 through September 
1973. (An example of the October relationship defined by runoff measured 
in October 1972 and 1973 is shown in figure 3.) Then, for each month from 
October 197^ through September 1977 the reported discharges for the Wakoma 
and Manitou Way storm severs vere plotted and used to adjust the position 
of the relation line, retaining the original slope (see example for October 
197^s 1975 9 and 1976 in figure 3). Monthly surface runoff from the ungaged 
area vas estimated from the adjusted relation line. This technique was 
used to estimate flow in Marshland Creek for the winter months (December- 
April) 197^ through 1977 (table 2). The estimated monthly surface runoff 
from ungaged areas is shown in table 3.

The combined monthly surface runoff (SR-^ in equation 3)» the sum of 
values from tables 2 and 3 9 are shown in table 8.
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DRAINAGE AREA, IN SQUARE KILOMETERS

Figure 3. An example of relations between surface runoff and 
drainage area used to estimate runoff from ungaged areas.

GROUND-WATER INFLOW

Ground-water inflow includes springflow and upward leakage through the 
wetland soils and through the lake bottom. Springflow (included in "ground- 
water inflow", tables 8 and 9) was measured at three sites, Dn-5 5 Dn-6, 
and Dn-8 (fig. 1 and Oakes and others, 1975 5 table k] from January 1972 
through June 1973. Intermittent measurements were obtained at Dn-5 and 
Dn-8 from July 1973 to October 197&. For periods when two springs were 
measured, flow from the third was estimated from flow hydrographs at the 
measured sites. This technique also was used to correct data obtained when

13
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a flume or weir malfunctioned. When only one site was measured, total flow 
was estimated as a ratio of total flow to that at the measured site, determined 
for months when all three sites were measured and flows were similar. When 
no measurements were available, total flow was estimated on the basis of 
the cumulative departure of precipitation from normal. The estimated 
springflow is shown in table h. These values are used in the calculation 
of total monthly ground-water inflow (GWI-^ in equation 3) shown in table 8, 
as discussed below.

Ground-water inflow from ungaged springs and by diffuse upward leakage 
through the wetland soils and through the lake bottom was estimated from 
vertical gradients and vertical hydraulic conductivity. For the period 
October 197If through September 1976, Huff and Young (1979, unpublished 
data) reported ground-water inflow of ^9 m3/d for 0.098 km2 of the wetland 
on the west side of Lake Wingra (0.0005 (m3/d)/m2 ). Assuming that this 
inflow rate also represented the remaining wetland area (0.712 km2 ) for 
January 1972 through September 1977, the volume of ground-water inflow in 
the marsh area was calculated as ^00 m3/d. For January 1972 through June 1973 
Oakes, Hendrickson, and Zuehls (1975, p. 26) reported ground-water inflow 
through the lake bottom sediments of O.OOU8 (m3/d)/m2. This rate is approxi­ 
mately 10 times as great as that for the wetland soils, and probably reflects 
the greater hydraulic conductivity of the predominantly mineral lake-bottom 
sediments compared to the predominantly organic wetland soils. They assumed 
that this infiltration occurred over approximately 0.26 km2 of the lake 
area. Assuming that this inflow rate represented the average value during 
the period January 1972 through September 1977, ground-water inflow along 
the lakeshore was estimated as 1,250 m3/d. The combined ground-water 
inflow was then calculated as 1,650 m3/d. Variations of ground-water 
inflow were not adequately defined by ground-water-level measurements, so 
it was assumed to vary as springflow did. Springflow averaged 0.0^6 m3/s 
(table k] or 3,970 m3/d. Monthly springflow times (l.O plus 1650/3970) 
provided the estimated monthly ground-water inflow (GWI-^ in equation 3) 
entered in table 8.

Outputs 

LAKE OUTFLOW

Lake outflow has been measured from October 1970 to the present. The 
values are published annually in the U.S. Geological Survey report series 
"Water Resources Data for Wisconsin". The site is identified as station 
05^29120, Lake Wingra outlet at Madison, Wis. The monthly lake outflow 
(SO in equation 3) is shown in table 8.~G

LAKE EVAPORATION

Evaporation from the lake surface was computed using a technique 
developed by Lamoreaux (1962) using climatological data (Environmental Data 
Service, 1972-77) and solar radiation measurements (Val Mitchell, State 
Climatologist, written commun., 1978) for Truax Field. Monthly lake evapo­ 
ration rates are shown in table 5- These rates are converted to total 
monthly evaporation (E^- in equation 3) in table 8.
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Table 5- Calculated evaporation rates for Lake Wingra 

(Units in millimeters)

Year Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Nov. Dec

1972
1973

197^

1975

1976

1977

6

9

8

5

5

3

10

12

10

11

17

12

33

33

29

25

31

35

52

^9

69

^3

67

77

106

72

78

96

99

135

126

113

110

95

lUl

118

110

126

129

112

150

lUO

87

10U

87

75

126

72

50

53

68

58

lh

hh

30

3h

39

Ii6

36

30

9

12

12

lU

15

9

3

h

5

U

5

U

WETLAND EVAPOTRANSPIRATION

Evapotranspiration from the wetland area was estimated from recorded 
pan evaporation. Studies "by Sturges (1968) in Wyoming and by Bay (1966) in 
Minnesota showed that evapotranspiration in wetlands where water is available 
throughout the growing season usually equals or exceeds (by as much as 
27 percent) measured pan evaporation. No information was available to 
adjust measured pan evaporation, so ET was assumed equal to pan evaporation, 
although this estimate may be 10 to 20 percent low. This technique was 
adequate for estimating ET in the water budget for the Nevin wetland (Novitzki, 
1978), approximately k km south of Lake Wingra. Pan evaporation was measured 
in the Lake Wingra basin (fig. 1 and Oakes and others, 1975, table 2) from 
April 1971 through September 1972. Pan evaporation was measured at the 
Nevin State Fish Hatchery (fig. 1 and Novitzki, 1978, p. 3, 15), approximately 
k km south of Lake Wingra, from June 1973 through October 1976. Pan evapora­ 
tion measurements were not available for October 1972, May 1973, May 1975, 
and all of 1977, so ET was estimated to be equal to potential ET calculated 
by the Thornthwaite and Mather technique (1957). Measured pan evaporation 
and calculated potential ET are shown in table 6. These values are converted 
to total monthly evapotranspiration (ET in equation 3) in table 8.

GROUND-WATER OUTFLOW

Ground-vat er seepage from the lake into the ground-water system was 
reported by Oakes, Hendrickson, and Zuehls (1975, p. 17, 27). They report 
an average seepage rate of 0.0016 (m3/d)/m2 . (This outflow rate is one- 
third the inflow rate they report because their data indicated that the 
hydraulic gradient toward the lake on the west was three times as great as 
the hydraulic gradient away from the lake on the east.) They assumed that 
seepage occurs over the entire lake bottom except that through which ground- 
water inflow occurs. McBride and Pfannkuch (1975) show that most seepage

17



Table 6. Pan evaporation measured in the Lake Wingra "basin and
at the Nevin State Fish Hatchery, and calculated potential ET

(Thornthwaite and Mather, 1957)

(Units in millimeters) 

Mar. Apr. May June July Aug. Sept. Oct. Nov. Total

1972

Wingra 
Potential ET

1973

Nevin 
Potental ET

Nevin 
Potential ET

1975

Nevin 
Potential ET

1976

Nevin 
Potential ET

1977

Nevin 
Potential ET

103
26

23

17

51

96

136
67

125
107

67 127

131
128

157
138

100
119

128

80
79

8k 
79

36

78
51

151
127

189
127

178
128

20k 168 
119

71

71

93

77
29

15 51 106 107 1^7 101 71 36 6l

539
587

608
653

130 119 159 125 93 70    696 
51 67 107 1^7 119 71 ^3 12 617

19 61i8

1,002
619

occurs near the lakeshore and little occurs through the rest of the lake 
"bottom. Springs occur around much of the west and south sides of the lake, 
indicating that ground water is flowing into about half of the potential 
area where seepage may occur. Under normal conditions it would appear that 
only ground-water inflow to Lake Wingra would occur, and that seepage out 
of the lake is recharge induced by pumpage. Although ground-water levels 
are above lake level around most of the lake, ground-water levels near the 
east side of the lake were below lake level and declined with depth. 
Because this is not a natural condition, the area in which outflow occurs 
may be somewhat larger than the potential seepage area in a natural lake 
aquifer system. It is arbitrarily assumed that the outflow area is 1.5 
times as large as the inflow area (1.5 X 0.26 = 0.39 km2 ). Then outflow 
averages 390,000 m2 X 0.0016 m3/m2 = 62k m3/d, or 18,700 m3/month.
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200

GROUND-WATER OUTFLOW, IN 
1000 CUBIC METERS

Figure 4. Estimated monthly ground-water outflow from
Lake Wingra related to monthly pumpage from Madison

public water-supply wells in the lake basin.

Outflow will vary as the hydraulic gradient varies, but intermittent 
ground-water-level measurements were inadequate to define these variations 
throughout the study period. However, assuming that outflow is the result 
of recharge induced by pumpage from Madison public water-supply wells 
(Oakes and others, 1975, p. IT), it may be assumed that it varies proportion­ 
ally as city well pumpage varies. Monthly pumpage from four city wells 
within the Lake Wingra basin (Dn-U6, Dn-UT, Dn-96, and Dn-96l, fig. l) 
varied from 253,000 to 950,000 m3 (table 7, Larry Deibert, written commun., 
1978) and averaged U91,000 m3. Plotting the average monthly pumpage against 
average monthly outflow (18,700 m3) and assuming that outflow is induced by 
pumpage and would be zero if pumpage were zero defines the relation shown 
in figure U. This straight-line relation is unlikely, but no additional 
data is available to better define the relation. Consequently, monthly 
ground-water outflow (GWOt in equation 3) is assumed to vary proportionally 
to pumpage, and is calculated from monthly pumpage (table 7) and figure U. 
Monthly ground-water outflow is presented in table 8.

DISCUSSION

The monthly inputs and outputs to Lake Wingra, estimated by the tech­ 
niques described above, are presented in table 8. Average monthly and 
annual budgets are summarized in table 9- Comparing monthly lake volumes 
calculated from the water budget (Vt from equation 3) to those calculated 
from observed lake stages indicates that the water-budget terms are reasonable, 
The volume of water in Lake Wingra was determined from a stage-volume 
relation (fig. 5) modified from a depth-volume relation reported by Patterson, 
Wagner, Hoopes, and Woloshuk (1972). Lake Wingra stages are published 
annually in the U.S. Geological Survey water-data reports (station 05^29118,
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Figure 5. Stage-volume relation for 
Lake Wingra.

4000

3000

2000

1972 1973 1974 1975 1976 1977

Figure 6. Monthly lake volumes indicated by the water budget compared 
to those calculated from observed lake stages.

Lake Wingra at Madison, Wis.). In figure 6 the lake volume defined "by the 
lake stage on the last day of each month is compared to the lake volume 
indicated by the vater budget (table 8).

The lake volumes calculated from the vater budget are typically 
higher than those observed in the fall and winter, but lover than those 
observed in spring and summer (fig. 6). This indicates that precipitation 
stored as snov and ice in the basin during the winter, subsequently released 
following snowmelt, is independent of the ground-water storage described in 
the discussion of precipitation. However, a refinement in the budget to
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account for this phenomenon is not justified because of the approximate 
nature of the other water-budget terms. This refinement could be based on 
some other parameter (such as a nutrient budget) that would confirm independ­ 
ently an improvement in the water budget. However, such refinement is 
beyond the scope of this report.

Although the lake-volume comparison indicates that the water-budget 
terms are reasonable, some are considerably more accurate than others. 
Precipitation, lake volume, and lake outflow are based on direct measurements 
and are the most precise values in the water budget (although the ground- 
water storage reduces the accuracy of estimated precipitation input). 
Surface runoff, lake evaporation, and evapotranspiration are based on 
accepted estimation techniques and are probably good estimates. Ground- 
water inflow and outflow estimates, based on fragmentary hydraulic gradient 
data, approximate determinations of inflow and outflow areas, and an arbitrary 
relation between estimated monthly springflow and reported monthly pumpage 
are the least accurate.
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